The initiation reaction of autoxidation of acrylaldehyde with Cobalt (III) acetylacetonate, Co(III) (acac)3, was studied. The rate of initiation reaction was measured using the "DPPH technique". Acrylaldehyde was shown to have a much smaller rate of initiation than propionaldehyde. The rate dependence on the partial pressure of oxygen for autoxidation of acrylaldehyde was discussed by comparing the kinetic data of acrylaldehyde with those of propionaldehyde. Effects of solvents on the initiation reaction were also discussed in detail.
Introduction
It is well recognized1) that a transition metal ion having a higher valence is capable of abstracting the hydrogen atom directly from an aldehyde to initiate the autoxidation reaction:
RCHO+Me(n+1)+RCO+Men++H+ (1) The rate of initiation reaction of Eq. (1) can be calculated from the inhibitive period of autoxidation ("inhibitor method"), using an antioxidant such as 2,6-di-tert-butyl-4-methylphenol. The initiation rate can also be determined by titration of the concentration of a higher valent metal ion with time ("titration method").
These methods, however, are overly time consuming; moreover, the latter method is applicable only to a reaction system of slow rate of initiation reaction. When colorimetry is applied to the titration method, the relatively low absorption coefficient for d-d transition of a metal ion often leads to rather serious errors.
Thus, we have developed a new "DPPH techhydrazyl (DPPH) possessing a higher absorption coefficient and reacting very rapidly with free radicals. This paper will discuss the DPPH technique in detail, with special reference to the initiation reaction of autoxidation of acrylaldehyde; it will also report solvent effects on the initiation reaction.
Experimental
Materials:
The DPPH was used without any ventionally. Acrylaldehyde and propionaldehyde were purified just before use as described previously2). Cobalt(III) acetylacetonate, [Co(III)-(acac)3], was prepared and purified according to the conventional method3). Solvents, such as cyclohexane, toluene, benzene, carbon tetrachloride, acetic acid, propionic acid, butyric acid, and valeric acid were used after purification.
Procedures:
The hydrogen abstraction reaction of aldehydes with Co(III) (acac)3 was carried out as follows: An aldehyde, DPPH (accurately weighed) and a solvent were charged into a reactor, and the solution was maintained at a fixed temperature. An accurately weighed amount of Co(III) (acac)3 was added to the solution, and the reaction was started. The initial concentration of DPPH was adjusted equal to the molarity of Co(III) (acac)3. At appropriate time intervals, samples of the solution were taken for spectroscopic measurements. The atmosphere of air was used for the reaction system unless otherwise indicated.
The oxidation of acrylaldehyde was carried out as reported previously2).
Results and Discussion
3.1 Scope and Limitation of the "DPPH Technique" The DPPH, which gave a stable violet solution in benzene, reacted rapidly with the radicals formed by interaction of Co(III) (acac)3 and aldehyde, accompanied by a sharp change in color. On the other hand, the DPPH solution remained staof either the species, Co(III) (acac)3 and aldehyde. In the visible spectroscopic measurement, DPPH showed a maximum absorption at 525nm, which obeyed Beer's law over the range of concentra-tions used in this work.
The molar absorption ence of equimolar Co(III) (acac)3, the coefficient being large enough to neglect the effect of the presence of Co(III) (acac)3 which showed a slight absorption at 525nm. If the reaction is assumed to proceed according to steps (1) and (2), the rate of formation of the radicals by step (1) can be replaced by -d[DPPH]/dt, because the rate constant, k2, of the second step is much larger than that of the first constant, k1, as reported in the literature4). Cosequently, the absolute rate constant, k1, can be obtained in terms of the rate of decrease in the DPPH concentration. The rate as the stationary state rate, is graphically calculated by using the "tangential method".
The rate constants obtained by this method are shown in Table 1 in which the corresponding constants obtained by the "inhibitor method", which is tried widely with confidence, are also listed for comparison. The values obtained by these two methods are found to be almost the same within the experimental errors. This indicates that the "DPPH technique" is reliable for the estimation of the initiation reaction of Eq.
(1), that is, DPPH can quantitatively trap the free radicals formed by the interaction of aldehyde with Co(III) (acac)3.
Comparison of Initiation
Reactions of Acrylaldehyde and Propionaldehyde The hydrogen abstraction reaction of acrylaldehyde with Co(III) (acac)3 was carried out in benzene in the presence of DPPH under the atmosphere of air. The results obtained are shown in Fig. 1 . The concentration of DPPH after the induction period in the initial stage decreased linearly with time at the staitionary state. Table 2 shows the dependence of the consumption rate of DPPH on the concentrations of both acrylaldehyde and Co(III) (acac)3. From the results, the rate was expressed as Eq. (3):
(3) where k1, AL is the rate constant of Eq. (1) with acrylaldehyde as the substrate. Equation (3) indicates that acryloyl radical is formed by the bimolecular reaction of acrylaldehyde and Co(III)-(acac) 3. The calculated rate constant, k1, AL, is also shown in Table 2 . The constant, k1, AL, was much lower than that of propionaldehyde (k1, PA, see Table 3 ). The activation energy of the re- action was estimated to be 5.8kcal/mol. The rate of hydrogen abstraction reaction was found to increase with 1/2 order of the partial pressure of oxygen in the reaction system containing acrylaldehyde and Co(III) (acac)3 (Fig. 2) . In addition, the partial pressure influenced the length of the induction period of the initiation reaction considerably. No reaction with respect to acrylaldehyde started in the absence of oxygen.
On the other hand, the rate of hydrogen abstraction from the saturated aldehyde, propionaldehyde, was not affected by the partial pressure of oxygen, although the induction period became longer with lower partial pressure of oxygen, as was similar in the case of acrylaldehyde (Table 3) .
The difference in the reactivities between acrylaldehyde and propionaldehyde cannot be fully explained. But this fact may be based on the difference in the electronic nature of the carbonyl groups of both aldehydes. The electron density of the carbonyl group of acrylaldehyde is lower than that of propionaldehyde because of the presence of the electron-withdrawing vinyl group. The former aldehyde, therefore, is more difficult to approach the Co+3 of the catalyst nucleophilically, resulting in the lower rate of initiation. For acrylaldehyde oxygen is assumed to accelerate the abstraction of the hydrogen atom from acrylaldehyde via route a based on the results and discussion mentioned above.
On the other hand, for
propionaldehyde, route b is considered to be more preferable to route a if any. 
Solvent effect
As shown in Fig. 3 , the initiation reaction of acrylaldehyde with Co(III) (acac)3 under the atmosphere of air was affected considerably by the nature of the solvent. The induction period of the reaction was observed in most of the solvents examined, but not in carboxylic acids. The rate of initiation decreased in the order: acetic acid> ne>carbon tetrachloride>cyclohexane.
Markedly higher rates were observed in carboxylic acids compared with the other solvents.
In the reaction containing intermediates of free radicals, the solvent effect is generally expressed by the Kirkwood equation:
in which D is the dielectric constant of the solvent, B are the reactants, and M is the activated complex derived from A and B. Figure 4 shows, the initiation rate of reaction (1) against D-1/(2D+1). It was found that the solvent effect can be arranged according to the Kirkwood equation (7), and that the solvents used could be classified into two groups: aprotic solvents such as benzene, toluene, cyclohexane and carbon tetrachloride (1st group), and protic solvents such as acetic acid, propionic acid, butyric acid and valeric acid (2nd group). The slopes of the lines shown in Fig.  4 seem to depend on the kinds of the solvent groups.
Configurations of the intermediates of the initiation reaction, therefore, may depend on the solvent groups.
The effect of carboxylic acids on the initiation reaction was studied using mixtures of butyric acid and benzene as solvents. Figure 5 shows the rate of initiation reaction against the molarity of butyric acid in the solvent mixture. Butyric acid of concentration below about 0.2M affected the initia- in which k'1,AL is k1,ALK1, AL and k"1,AL is k2, ALK2,AL. Equation (12) gives the rate constant, k"1,AL, as (see Table 2 ). From these rate constants and Eq. (12), a calculated curve is drawn using the broken line in Fig. 5 as reference. The calculated and experimental curves are in good agreement. This may support the initiation mechanisms (Eqs. (10) and (11)) proposed above. For the runs shown in Fig. 5 , the concentration of proton was conveniently defined as the molarity of butyric acid. The value of the rate constant, k"1,AL, should be corrected by the actual concentration of proton in the reaction system. For this purpose, the acidity (pKa) of carboxylic acids may preferably be used. The pKa of carboxylic acids (RCOOH), in general, is calculated from the following equations):
The values of pKa are 4.66 for acetic acid, 4.82 for propionic acid, 4.85 for butyric acid, and 4.87 for valeric acid. Judging from the pKa values, the second term of Eq. (12) seems to become more important in the following order; acetic acid> propionic acid>butyric acid>valeric acid, and this order agrees substantially with that obtained experimentally (see Fig. 4 ).
